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Evaluation of a low-cost receiver for ionospheric monitoring  (ELRIOM) 

 

1. Abstract: 

High-grade GNSS receivers are the basis for ionospheric monitoring for more than two 
decades. Researchers at Frederick University are in the process of installing a network of 
GNSS receivers for ionospheric monitoring and would like to explore a low-cost solution that 
would facilitate a dense network for such a purpose. The housing and operation firmware of 
the low-cost receiver were developed by Cloudwater Ltd (a start-up established in Cyprus in 
2019) with Ublox chip Zed F9-P.  

In this TNA project, we tested the low-cost GNSS receiver UBXZ by comparing its 
ionospheric outputs with geodetic receiver results. For that we installed UBXZ close to the 
reference station BRUX (Brussels, Belgium) for 73 days (February to April 2025) and 
compared the vertical Total Electron Content (vTEC) outputs of the two receivers for GPS, 
GLONASS and Galileo constellations.  

Results show infinitesimal differences between the two receivers, for the three 
constellations (0.08±0.58 TECu for Galileo, 0.02±0.42 TECu for GPS and 0.02±0.73 TECu 
for GLONASS). Consequently, the low-cost receiver developed by Cloudwater Ltd 
constitutes a relevant option for dense networks dedicated to Space Weather applications.      
 

2. Objective: 

The three main final objectives of the ELRIOM Trans-National Access activity 
(TNA) are stated below: 

a. Evaluate the performance of the ionospheric TEC estimation with a low-cost 
GNSS receiver. This is a multi-frequency, multi-GNSS receiver that can output 
Rinex files. 

b. Test a low-cost receiver by plugging the low-cost receiver to an antenna already 
installed and equipped with a geodetic receiver at ROB. Since we also plan to use 
a low-cost antenna in our future network in Cyprus we will test the full low-cost 
receiver-antenna  nearby the geodetic receiver as well. 

c. After evaluating the TEC differences and to better appreciate its potential for 
ionospheric monitoring, we will further extend our investigation by evaluating the 
stability of the estimated receiver hardware delays. Since the receiver can output 
C/N0 observations, we will also exploit C/N0 measurements from the two 
receivers to evaluate the reliability of the observations used for TEC estimation. 
   

3. Implementation steps: 

The UBLOX receiver was installed in Brussels on 2025-02-07 close to the BRUX 
reference station. The receiver acquires data from GPS, Galileo and GLONASS at 1s 
sampling rate. The data from the reference station BRUX (equipped with a Septentrio 
POLARX5TR) and UBXZ are processed using the ROB-IONO software (Bergeot et al., 
2014) to estimate ionospheric values and the Differential Code Biases (DCBs) of the 
receivers. The outputs consist in vTEC at the piercing point (IPP, 450km altitude) every 30s 
with a cut-off angle of 10° for the entire period and the three constellations (> 4 000 000 of 
output). The results are then compared to the outputs in terms of vTEC values expressed in 
TEC units (1TECu = 1016 e-.m-2).   
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4. Data and Analysis 
 

4.1.vTEC values 

Figure 1 shows the vTEC outputs for three different satellites from the three 
constellations. For that we superpose all the data from all the period with respect to the UTC 
time.  

 

  Figure 1: vTEC values from UBXZ and BRUX for the 73 days of common data (2025-02-07 to 2025-
04-23) for three satellites from different constellations. Bottom: the vTEC values at IPPs for the entire 
period with respect to the hour (UTC). Red: UBXZ, blue: BRUX.  Top: Differences between BRUX 
and UBXZ vTEC.  

 

At first order, the results show identical values between the two receivers, with few 
high differences up to 9 TECu for GPS, 18 TECu for Galileo and 8 TECu for GLONASS. To 
have a better overview of the robustness of the low-cost receiver, Table 1 shows the statistics 
of the difference between BRUX and UBXZ for the three constellations separately. 

 

  

Table 1: Statistics of the vTEC differences between BRUX and UBXZ stations with respect to the 
constellations.  

GPS Galileo Glonass
Nbr # 1 283 460 1 562 934 1 031 159
Mean Diff 0.02 0.08 0.02
RMS 0.42 0.58 0.73
Min. -8.74 -17.72 -6.55
Max. 7.51 12.05 7.72
Diff ≤ 0.5 TECu 82.58 66.22 54.43
Diff ≤ 1 TECu 96.86 91.71 84.58
Diff ≤ 3 TECu 99.97 99.97 99.88

%

TECu
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Regarding the statistics, results from GPS and Galileo are more correlated than the 
GLONASS system. 97% and 92% of the differences between BRUX and UBXZ are lower 
than 1 TECu for GPS and Galileo respectively. For GLONASS, the statics fall to 85%. 
However, 1 TECu is at the level of GNSS-based vTEC accuracy. For all the constellations, 
99% of the differences are lower than 3 TECu which confirm the robustness of the low-cost 
receiver, compared to a more expansive geodetic one. Concerning the maximum in the vTEC 
differences, Figure 2 shows some examples of typical outliers.   

 
  

 

Figure 2: vTEC values from UBXZ and BRUX for 3 typical tracks showing high differences from the 
three satellites from different constellations. Bottom: the vTEC values at IPPs for one day and one 
satellite with respect to the hour (UTC). Red: UBXZ, blue: BRUX.  Top: Differences between BRUX 
and UBXZ vTEC.  

 

As we can see, the maximum differences can be due to tracking problems from BRUX 
or UBXZ. It is consequently difficult to conclude that one receiver is more robust than 
another in that case.  
  
 
 
 
 
 

4.2. DCBs values for UBXZ 
During the vTEC estimation process we also estimated the Differential Code Biases 

(DCBs) for of the stations. In this section we report only the results from UBXZ as there is no 
sense in comparing the results with BRUX due to the differences in the receivers and 
installation. Figure 3 and Table 2 report the results for GPS, Galileo and GLONASS. 
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Figure 3: DCBs values estimated for UBXZ for each satellite in view during the entire period. Each 
dot corresponds to a satellite with its error bar. Black: Galileo; Red: GLONASS; Blue: GPS.  

 
 

The Galileo DCBs are concordant for all the satellites with values around 0.3 ns. The GPS 
DCBs are more sensitive to the satellite type with a mean value of 12ns. Due to the changes 
in frequencies tracking from each GLONASS satellite, their DCBs vary a lot between 4 and 
14 ns.        
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5. Conclusion and added value from the TNA 
 

ELRIOM succeeded in achieving the objectives defined in the proposal. A low-cost 
receiver from Cloudwater Ltd (a start-up established in Cyprus in 2019) was installed at the 
Royal Observatory of Belgium close to the high-precision BRUX reference station. In this 
study we compared the vTEC outputs of the receivers for the three constellations (GPS, 
GLONASS, Galileo). The two receivers show similar results, with differences lower than 1 
TECu 97% of the time for GPS, 92% for Galileo. However, this statistic falls to 85% for 
GLONASS. However, 99% of the time the differences are lower than 3TECu. Consequently, 
a low-cost solution to facilitate a dense network for Space Weather purpose is more than 
recommended in the future. Therefore there is an immediate added value of this TNA which 
will be translated in a low cost GNSS network in Cyprus for ionospheric monitoring through 
TEC maps but will also encourage the adoption of the low cost ionospheric monitoring for 
TEC mapping in other parts of the globe as an alternative to high-grade receiver networks. 
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